Highly porous lamellar and cellular cathodes for Li-ion batteries were fabricated from additive-stabilized aqueous suspensions of lithium iron phosphate and carbon black by the unidirectional freeze-casting method and characterized by optical microscopy, scanning electron microscopy, mercury porosimetry, helium pycnometry and X-ray microtomography. The size and orientation of the pores in the specimens were controlled through the variation of the freezing parameters. The diameters of the pores, which are in the range from 0.7 to 30¯m, as well as the wall thickness, decrease as the cooling rate increases. Pore volume and total porosity increase while the solid content of the suspension decreases. The specimen's structure was changed from lamellar to cellular by increasing the gelatin concentration and solid content in the suspensions. The lamellar specimens demonstrate higher porosity (8284%) than the cellular samples. Cathodes with lamellar structure possess higher specific capacity and less loss of energy density in comparison to those having cellular structure.
Introduction
As the diffusion of Li-ions plays an important role for the electrochemical performance of Li-ion batteries (LIBs), the design of a suitable electrode microstructure is a current approach to achieve high diffusion rates and, therefore, high power densities in LIBs. 1) Hierarchical porous structure of materials can provide efficient ion transport pathways due to the more effective adsorption of the electrolyte.
2),3) A large electrolyte/electrode interface results in a rapid charging rate of LIBs. Moreover, the stress in the cells caused by the charging and discharging of batteries is generally relaxed in a porous structure consisting of small particles. 4) Freeze-casting is one of the most promising and cost-effective techniques for the fabrication of macroporous ceramics. This technique, also known as ice-templating, relies on the formation and subsequent sublimation of ice crystals that act as pore templates in frozen particulate dispersions. 5) In a typical freezecasting process a particulate dispersion is frozen under controlled conditions, after which the pores are formed during sublimation of solvent. The freeze-casting technique provides several advantages over other templating methods, including: (i) freeze-casting is a simple and low-cost technique; the pores are generated by environmentally friendly agents and not by polymer burnout stage during sintering, reducing the production time and costs as well as carbon contamination of the ceramics, (ii) the control of the solidification process and of the growth of ice crystals allows for the control of the geometry of pore space since the latter is directly templated by ice crystals in the frozen specimens, and (iii) macroporous ceramics fabricated via the freeze-casting method exhibit low shrinkage in comparison to those fabricated by other techniques. 6),7) Freeze-casting has been applied to the processing of macroporous ceramics for solid oxide fuel cells, 8)12) electrical energy storage, 4),6),13)16) membranes 17), 18) as well as of bioceramics 19)26) and piezoceramics. 27), 28) Up to now, only few publications report on freeze-cast electrodes for LIBs. A highly porous LiFePO 4 /C cathode with a total porosity of 88% was fabricated by a combined gelation and freeze-casting method, called 'gelation freezing'. 4) This method allowed for generating cellular (honeycomb-like) structures with cylindrical pores with an average pore size of 250, 140 and 70¯m for the specimens frozen at ¹40, ¹60, and ¹80°C, respectively. The electrochemical performance of the cells was strongly influenced by pore sizes, i.e. the specific capacity of cathodes decreased with decreasing pore diameter that in turn decreased with decreasing freezing temperature. Another work addressed nickel cobalt aluminum oxide (NCA) cathodes with a lamellar pore structure that showed capacity loss at high cycling rates. 29) Due to the differences between the materials (LiFePO 4 and NCA), a direct comparison between different pore geometries is impossible. Therefore the goal of this work is to fabricate macroporous LiFePO 4 /C cathodes with both cellular and lamellar pore geometries and to compare their electrochemical performance. 25.8028.50%; Carl Roth), modified butadiene-styrene copolymer (WSB·; ZEON Corporation) and gelatin (from porcine skin, 170195 g Bloom, medium gel strength for microbiology; Sigma Aldrich) were used as binders. The binder solution was added to the LFP-CB suspension, stirred on a magnetic stirrer for 30 min and finally de-aired under vacuum. The suspension was poured into a mold and cooled from ambient temperature (³25°C) to ¹95°C at rates of 2 and 6 K/min until the samples were fully solidified. After this, the solidified samples were dried in a freeze dryer under vacuum (³0.08 mbar) at 20°C for 24 h. Table 1 displays the processing parameters for the fabrication of specimens with lamellar and cellular structures.
Freeze-casting set up
The freeze-casting experiments were carried out in an adapted self-made freeze-casting setup (see Fig. 1 ) and a commercial freeze-dryer (Christ Gamma 220, Martin Christ Gefriertrocknungsanlagen GmbH, Germany). The freeze-casting setup consists of a stainless steel container for liquid nitrogen (cooling medium), mineral wool isolation, a brass rod, a copper rod, a heating element, an acrylic glass mold and a thermocouple. The brass rod aids in avoiding direct contact of the copper rod with liquid nitrogen and in achieving a more controlled freezing process. Dipping the copper rod directly into liquid nitrogen did not lead to a well-controlled cooling rate, because insufficient power was supplied to heat the copper rod in order to maintain the fixed cooling temperature and linear freezing rate. Thus, there is an air gap between the copper rod and brass rod, which allows for applying a linear cooling rate. The copper rod transports the coldness from the liquid nitrogen container to the suspension, which has been poured into an acrylic glass mold. A heating element on top of the copper rod allows to control the temperature gradient and to establish a linear cooling rate. For unidirectional solidification, the ceramic suspension must be cooled just from one side and the ice crystals must start growing from the cooling surface of the copper rod. For this reason, a mold made of acrylic glass with a very low thermal conductivity (³0.2 W·m ¹1 ·K ¹1 ) was used. Acrylic glass is also transparent, which allows for assessment during freezing of whether the solidification process has terminated completely.
Characterization methods 2.3.1 Optical microscopy
A rapid qualitative characterization of the pore structure and orientation in the specimens was performed by UV-based optical microscopy with a Leica DM 4000 M (Leica Microsystems, Germany). The specimens were infiltrated under vacuum with a mixture of resin (EpoFix resin, Struers) and fluorescing powder (EPODYE, Struers). A thin slice oriented parallel to the solidification direction was cut out from the infiltrated specimens with a diamond saw.
Scanning electron microscopy
SEM (Philips XL20, FEI, USA) was used to characterize the cross-sectional microstructure of the specimens in the slices cut out with a diamond saw perpendicular to the freezing direction. The cropped slices were fixed on the sample holders using carbon pad glue and vapor-coated with carbon to improve their electrical conductivity.
Mercury porosimetry
Bulk density (µ b ) and total pore volume of the specimens were measured by mercury porosimetry with a Porosimeter 2000 WS (Carlo Erba, Germany).
Helium pycnometry
Particle density (µ p ) of the specimens was measured with a Micromeritics Multivolume Gas Pycnometer 1305 (Micromeritics Instrument Corporation, USA).
The total porosity of specimens (P) was calculated according to:
X-ray tomography
To obtain three-dimensional information of the whole interior of the prepared samples, X-ray tomographic investigations were performed. We analyzed the structural homogeneity within the entire volume and obtained cross sections at three different locations as indicated in Fig. 2 . The used setup consists of a Hamamatsu flat panel detector (C7942SK-05) with 2316 © 2316 pixels (pixel size 50 © 50¯m 2 ) and a Hamamatsu microfocus Xray tube (L8121-3). A target spot with a diameter of 7¯m was established in the experiments. The X-ray tube was operated at 100 kV voltage and 150¯A current. An exposure time of 1.1 s for each of the 1200 radiographic projection images over 360°was applied. After image acquisition, the images were used to reconstruct a 3D data set of the interior structure of the samples using the software 'Octopus'. The 3D data was analyzed with the software 'VGStudioMAx'.
Fabrication of electrochemical cells and characterization of electrochemical performance
For testing the electrochemical performance, cathodes in the shape of cylindrical sheets with a thickness of 0.5 and 0.8 mm for lamellar and cellular specimens, respectively, were cut out from the cylindrical specimens perpendicular to the freezing direction and dried in a dryer under argon gas at 100°C overnight. The cathodes were then brought into a glovebox to assemble Swagelok-type half-cells. Metallic lithium foil and glass microfibers were used as an anode and a separator, respectively. The electrolyte was prepared by dissolving 1 M LiPF 6 in a mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC) in a volume ratio of 1:1. The cells were tested applying a battery cycling test program with Yokogawa GS610 (Yokogawa Deutschland GmbH, Germany) between 2 and 4 V at a cycle rate of 0.5 C/h at 1.0 mA. Specific capacity (capacity per unit weight of the active electrode material) was determined for the second charge discharge curve.
Results and discussion

Choice of additives
Application of different additives and variation of freezing parameters allows to adjust the geometry of the pores in LiFePO 4 / C cathodes. Figure 3 displays the pore structure of specimens fabricated without additives and with sodium silicate, WSB and gelatin under the same freezing conditions. The specimen fabricated without additive exhibits an irregular pore structure; this specimen was not stable enough to be demolded after sublimation. The dendrite-like structures [marked by arrows in Figs. 3(b) and 3(c)] were observed in the specimens freeze-cast with WSB and sodium silicate. The gelatin inhibits the growth of ice dendrites, allowing for fabrication of macroporous specimens with a well-defined lamellar pore structure as seen in Fig. 3(d) . Therefore, the specimens fabricated with gelatin were selected for further studies.
Fabrication of specimens with cellular and lamellar pore structures
In the next step, the solid content, gelatin concentration and cooling rate were varied in order to fabricate specimens with cellular and lamellar structures. The variation of cooling rate differs in the thickness of LiFePO 4 /C walls as well as in pore diameter. Figure 4 displays the micrographs of the cross-sections of the fabricated porous specimens. The specimens with a lamellar pore structure exhibit plate-like pores and solid walls. Growth of the dendrites was observed on one side of the walls perpendicular to the temperature gradient. An increase in cooling rate from 2 to 6 K/min decreases the wall thickness and the pore diameter. On the other hand, an increase in the gelatin concentration from 1.8 to 2.4 wt.% and increasing the solid content to 40 wt.% results in the formation of cellular ceramics with honeycomb-like pores and dense solid walls.
Porosity
The specimens with cellular and lamellar structures fabricated under different processing conditions differ also in their total porosity (and density) as well as in pore size. Figure 5 shows the results of Hg porosimetry measurements. The lamellar specimens are more porous, have a narrow pore size distribution with pore diameters in the rage of 0.725¯m in comparison to the cellular specimen (230¯m). This can be explained by a higher water content of the suspensions used for the fabrication of lamellar specimens compared to cellular specimens. Due to the fact that the pores originate from the ice crystals after sublimation, the water content plays a crucial role for the total porosity of the specimens. As indicated in Table 2 , the cellular specimen has a higher density due to its lower pore volume. However, the skeleton density of both lamellar and cellular specimens are in good agreement due to the utilization of the same materials.
Microstructure
In order to obtain a full picture of the three-dimensional interior structure, all three samples were characterized by X-ray micro tomography (¯CT). Figure 6 shows the structure of all three specimens. Three horizontal cross sections through the tomogram of the specimens at different heights of the cylindrically fabricated specimens and the vertical cross section (parallel to the temperature gradient) reveal strong differences in the local structure at different locations. 
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For all three specimens, the pore sizes strongly decrease from the top to the bottom. While the pores in the top cross section (6.3 mm from top, see Fig. 2 ) are clearly visible, the sizes of the pores at the bottom are close to the limit of the spatial resolution of the tomographic imaging technique (³10¯m).
As already shown with the SEM micrographs in Fig. 4 the specimens have pronounced different structures. This is confirmed by the¯CT results for the whole volume. The lamellae have different orientations in space, but are mostly vertically aligned to the center axis of the cylinder. They can extend several millimeters into the sample.
The structural features of specimen 'Lamellar 1' are comparable to specimen 'Lamellar 2'. The lamellar structure is homogenously distributed along the horizontal slices but pores between the lamellae become much larger at the top.
Electrochemical performance
The freeze-cast LiFePO 4 /C cathodes with various pore structures (cellular and lamellar) demonstrate different electrochemical performance as confirmed by the cycling curve analysis given in Fig. 7 . It can be seen that porous lamellar cathodes demonstrate higher specific capacity in comparison to cellular cathodes under the same cycling regime.
The cellular cathode shows a plateau of the charging curve at higher voltage and a larger voltage difference between the plateaus of its chargedischarge curves. This could be related to ohmic resistance of the cellular cathode due to its thickness. This leads to more loss of energy density in the battery as well as its cycling life time. Since the cellular cathode possesses a higher amount of active material, a higher specific capacity of the battery was expected, which was in contrast to the result of the electrochemical performance. This reveals that the structure of the pores, total pore volume and the thickness of the cathode play a determining role in ionic transport during charge and discharge in the cell. This may also explain the plateau at a higher voltage during charge and a drastic decline of voltage during discharge.
The lamellar cathodes reach the specific capacity of ³126 mAh/g and indicate a similar cycling behavior with the same range of voltage difference during discharge. The plateaus of the charge and discharge curves of lamellar cathodes are longer and appear at lower voltage. Specimen 'Lamellar 2' shows a faster voltage decrease during discharge compared to the specimen 'Lamellar 1'. Since the ionic transport relates to the cathodes' microstructure, varying the pore size and wall diameter in cathodes with the same pore structure and the same thickness affects the electrochemical performance of a battery. However, the influence of this is rather small, as seen in Fig. 7 and Table 3 for the 'Lamellar 1' and 'Lamellar 2' specimens.
Conclusions
Highly porous LiFePO 4 /C cathodes for Li-ion batteries with well-defined lamellar and cellular pore structures have been successfully fabricated by applying the unidirectional freezecasting technique. The well-aligned lamellar pore structure was formed by using up to 1.8 wt.% gelatin as a freezing additive and 30 wt.% of solid content. Further increase of the gelatin content to 2.4 wt.% in the slurry and the solid content to 40 wt.% leads to the formation of a cellular pore structure with a honeycomb-like morphology. The diameter of the pores as well as the thickness of the walls decrease when increasing the cooling rate from 2 to 6 K/min. The total porosity and pore volume increase with decreasing solid content, which also leads to an increase in bulk density.
Tomographic 3D images revealed a homogenous distribution of LFP-CB along the horizontal cross sections, but strong differences in the pore size between the top and the bottom section in all three samples. Pore sizes are much larger close to the top side.
This work shows that the prepared cathodes have significantly different electrochemical performance. Cathodes with a lamellar pore structure exhibit higher specific capacity and less loss of energy density than those with cellular pore structure as confirmed by cycling curve analysis. 
